Ozone pre-treatment (ozonation, ozonisation) and biological activated carbon (BAC) 14 filtration pre-treatment for the ceramic microfiltration (CMF) treatment of secondary 15 effluent (SE) were studied. Ozone pre-treatment was found to result in higher overall 16 removal of UV absorbance (UVA 254 ) and colour, and higher permeability than BAC pre-17 treatment or the combined use of ozone and BAC (O3+BAC) pre-treatment. The overall 18 removal of colour and UVA 254 by ceramic filtration of the ozone pre-treated water was 19 97% and 63% respectively, compared to 86% and 48% respectively for BAC pre-20 treatment and 29% and 6% respectively for the untreated water. Ozone pre-treatment, 21 however, was not effective in removal of dissolved organic carbon (DOC). The 22 permeability of the ozone pre-treated water through the ceramic membrane was found to 23 decrease to 50% of the original value after 200 minutes of operation, compared to 24 approximately 10% of the original value for the BAC pre-treated, O3+BAC pre-treated ACCEPTED MANUSCRIPT 2 25 water and the untreated water. The higher permeability of the ozone pre-treated water was 26 attributed to the excellent removal of biopolymer particles (100%) and high removal of 27 humic substances (84%). The inclusion of a BAC stage between ozone pre-treatment and 28 ceramic filtration was detrimental. The O3+BAC+CMF process was found to yield higher 29 biopolymer removal (96%), lower humic substance (HS) component removal (66%) and 30 lower normalised permeability (0.1) after 200 minutes of operation than the O3+CMF 31 process (86%, 84% and 0.5 respectively). This was tentatively attributed to the chemical 32 oxidation effect of ozone on the BAC biofilm and adsorbed components, leading to the 33 generation of foulants that are not generated in the O3+CMF process. This study 34 demonstrated the potential of ozone pre-treatment for reducing organic fouling and thus 35 improving flux for the CMF of SE compared to O3+BAC pre-treatment. 36 37 humic substances. 38 39 42 however, the application of membranes made of ceramic materials in wastewater 43 treatment is growing. Although the price per square meter of active filtration layer are 44 typically higher for ceramic membranes than for polymeric membranes (Ciora Jr and Liu 45 2003), the ability of ceramic membrane to effectively pair with different pre-treatment 46 options have made them an emerging concept in the wastewater treatment technology to 47 offset this higher material cost (Dow et al. 2013). One well known example is coagulation 48 pre-treatment which aggregates particulates prior to membrane filtration, preventing ACCEPTED MANUSCRIPT 3 49 particles from entering into membrane pores and depositing on the membrane surface 50 (Gaulinger 2007, Hendricks 2006). Thus, the permeate quality in the MF system is 51 enhanced by coagulation pretreatment (Carroll et al. 1999, Hiraide 1992, Mo and Huang 52 2003, Vickers et al. 1995, Xia et al. 2004). 53 Combination of coagulation and membrane filtration can improve not only the 54 permeability of membrane but also the quality of produced water (Jang et al. 2006). 55 Coagulation pretreatment in combination with ceramic MF was observed to reduce the 56 rate of cleaning operations (Mallevialle et al. 1996). However, it was observed in a study 57 that the irreversible fouling of low MW polysaccharide compounds cannot be reduced by 58 coagulation (Lahoussine-Turcaud et al. 1990). The unfavorable results may occur when 59 coagulation is applied prior to polymeric MF membranes (Mallevialle et al. 1996). The 60 partial removal of natural organic matter (NOM) by adding coagulant chemicals result in 61 suppressing fouling in MF membranes. As the chemical residuals are required to be 62 minimized to ensure the safe water quality, incorporation of ozonation can be an 63 alternative solution to reduce membrane fouling. 64 When used as a pre-treatment of MF ceramic membrane, ozone can provide higher 65 permeate flux without any damage of ceramic membrane (Lehman and Liu 2009). Higher 66 flux leads to lower capital cost and therefore is a key part in the affordability of ceramic 67 membranes for water treatment. The higher permeate flux obtained by ozone pre-68 treatment can be attributed to the significant reduction of membrane fouling which is 69 strongly dependent upon ozone concentration and hydrodynamic conditions (Kim et al. 70 2008, Yu et al. 2016b). During characterization of NOM in a combined ozone-ceramic 71 membrane process it was observed that the flux increase (25%) for ozone pre-treated 72 water was attributable to the decomposition of NOM (Park et al. 2012). Another study on 73 the effect of ozonation and CMF of SE (pilot plant in Chino, California) showed that ACCEPTED MANUSCRIPT 4 74 ozone pre-treatment is effective at degrading colloidal NOM which is likely responsible 75 for the majority of membrane fouling (Lehman and Liu 2009). Ozone was also found to 76 improve the permeate flux of samples taken from Lake Lansing (Haslett, Michigan) 77 through a titania-coated ceramic membrane, which was attributed to the formation of • OH 78 or other radicals at the membrane surface and oxidative degradation of foulants on the 79 membrane surface (Karnik et al. 2005). 80 Ozone pre-treatment can, however, also worsen membrane fouling (Zhu et al. 2009). The 81 negative effect of ozone has been attributed to the increase in the quantity of large organic 82 molecules after ozonation. Ozone pre-treatment can kill microorganisms in the feedwater, 83 thereby releasing cell debris which can foul the membrane. Moreover, ozone pre-84 treatment can break down high molecular weight (MW) dissolved organic matter (DOM) 85 to low MW components (Nguyen 2012) that can facilitate bacterial regrowth, resulting in 86 accelerated membrane bio-fouling (Miettinen et al. 1998, van Der Kooij et al. 1989). The 87 contradictory and inconclusive performance of ozone on UF membrane fouling observed 88 in previous studies can be explained by the dependence of ozone effect on both the nature 89 of raw water and ozone dose (Yu et al. 2017). 90 The inclusion of a BAC stage after ozonation has the potential to overcome fouling due 91 to bacterial regrowth that may be facilitated by ozonation. When contaminants are 92 removed in BAC filtration system, two main parallel mechanisms are involved. The 93 adsorption due to the presence of adsorption sites on the activated carbon (Walker and 94 Weatherley 1999) and biodegradation due to microbial activity developing in the gaps of 95 the media (Lu et al. 2013, Rattier 2012, Servais et al. 1992). The synergistic effect of 96 adsorption and biodegradation may result in the removal of organic matter including 97 micro-pollutants, halogenated hydrocarbons, and taste and odour compounds (Velten et ACCEPTED MANUSCRIPT 5 98 al. 2007). Moreover, the activated carbon in the BAC column can be used over several 99 reactivation cycles without having to be replaced for fresh carbon. This reduces the 100 environmental burden related to the disposal of spent carbon (Van Der Hoek et al. 1999). 101 Consequently, the BAC filtration system requires low energy requirement and operating 102 cost (Walker and Weatherley 1999). 103 Numerous studies exist on the effect of combined ozonation and BAC treatment on water 104 quality. The combination of ozonation and BAC process has shown higher reduction of 105 biological regrowth potential and better removal of disinfection byproduct (DBP) 106 precursor than ozonation alone (Cipparone et al. 1997, van Der Kooij et al. 1989). The 107 application of ozone on SE transforms larger molecules of DOM into smaller ones, thus 108 increasing the biodegradability of the organic matter (Amy et al. 1987, Volk et al. 1993).
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40
The application of MF membranes to treat SE from wastewater treatment plants has 41 focused on membranes made of polymeric materials (Lehman and Liu 2009 ). Recently, Figure 1 : Ozone-BAC+Ceramic membrane filtration equipment. 152 A tubular ceramic membrane (Pall Corporation) with a nominal pore size of 100 nm was 153 used (7 mm inner diameter, 25 cm length). The inside-out membrane has an aluminium 154 oxide support layer with a zirconium oxide coating layer on it. A stainless steel Schumasiv 155 membrane module was used to house the membrane. Stainless steel fittings (Swagelok) 156 and high pressure tubes were used for connecting the membrane process components. (1)
Where, P T=20 is the pressure at 20°C (Pa), P abs is the absolute pressure (Pa), μ T=20 is the 173 viscosity of water at 20°C and μ T is the viscosity of water at temperature T. Hydraulic
174
(liquid) backwashing was performed periodically via pressurized DI water and a series of 175 valves. The backwash was set to occur after every 30 min of filtration at a backwash 176 pressure of 4 bar. Samples were collected before and after each filtration steps to 177 investigate different water quality parameters. During the O3+BAC+CMF experiment, 178 the measured residual ozone was between 0.3 and 0.5 mg.L -1 prior to BAC column.
179
During the O3+CMF experiment, measured residual ozone was 2 to 3 mg.L -1 prior to 180 ceramic membrane. The higher concentration of residual ozone in the O3+CMF 181 experiment was to allow the ceramic membrane to facilitate any potential catalytic 182 reaction with residual ozone. In order to remove the accumulated organic and inorganic 183 materials, the membrane was cleaned hot water for 10 minutes firsts. After that, 2% (w/v) 184 NaOH was used to clean the membrane for 20-30 minutes at a temperature of 75-80°C 185 with a subsequent hot water cleaning. Finally the membrane was cleaned with 2% w/w 186 nitric acid for 20-30 minutes at a temperature of 75-80°C with a subsequent hot water 187 cleaning (Pall 2006) . The effectiveness of the cleaning procedure was confirmed by 
Where J s is the membrane permeability (L.m -2 .h -1 .kPa -1 ), V s is the specific volume (L.m -197 2 ). UMFI was determined experimentally by obtaining normalized specific flux at given 198 specific permeate volume. The procedure is described in detail in elsewhere (Huang et al. Perkin-Elmer LS-55 Fluorescence Spectrometer, which used a xenon excitation source.
222
The scans were performed from 200 to 550 nm at increments of 5 nm. The total number 223 of scans per sample in the spectrometer was 70.
224
The molecular weight distributions of the wastewater components were achieved by 225 Liquid Chromatography (LC) analyses with a PDA and fluorescence detector in series.
226
The LC Method was performed using a TSK gel column (G3000 SW, C-No.SW3600482) 227 at room temperature with a phosphate buffer (10 mM KH 2 PO 4 + 10 mM Na 2 HPO 4 ) as the 
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Other studies 
Effect of pre-treatment options on CMF permeate quality 293
The removal percentages of DOC, UVA 254 and colour by the BAC+CMF, O3+CMF and 294 O3+BAC+CMF options are compared to CMF alone in Figure 4(a) . Overall, ozonation 295 was the most effective pre-treatment, increasing the permeate UVA 254 removal from 6% (CMF alone) to 63% (O3+CMF) and the colour removal from 29% (CMF alone) to 97% 297 (O3+CMF). BAC treatment was slightly less effective (6% to 48% removal of UVA 254 298 and 29% to 86% removal of Colour). The inclusion of a BAC stage after the ozonation 299 (i.e., the O3+BAC+CMF option) was found to be mildly worse than the ozone pre-300 treatment alone (i.e., the O3+CMF option) for both of these parameters.
301
The influence of each treatment step on the overall removal results shown in Figure 4 
310
The DOC and colour removal by BAC filtration were found to be 13% and 69% UVA 254 and colour by 5%, 52% and 85% respectively.
323
The measured contribution of each of the process stages to the overall removals by the 324 O3+BAC+CMF option is shown in Figure 4 
